Introduction
The identification of genes that predispose to complex diseases represents a formidable challenge for modern human genetics. Recently, it has been suggested that the availability of dense single nucleotide polymorphism (SNP) marker maps will make genome wide linkage disequilibrium mapping (LDM) the method of choice for delineating complex trait loci. 1, 2 There are two fundamentally different study designs for LDM: (1) family based methods; or (2) casecontrol studies. The transmission disequilibrium test (TDT) has become a widely used family-based LD method for mapping disease genes. 3 The primary benefit of the TDT is that spurious associations resulting from population stratification are avoided by using heterozygous parents or unaffected sibs of the proband as controls. However, because many complex diseases are late-age of onset it may be difficult to ascertain parents or sibs of probands. Hence, simple case-control study designs are an attractive alternative to family based approaches, although one must again consider the effects of population substructure. Currently, there is considerable debate regarding the optimal study design in genome-wide LDM.
Regardless of which study design will ultimately prove to be most effective, another question remains: Are single markers or haplotypes more powerful in LDM? Intuitively, one would expect that haplotypes would be more powerful due to the simultaneous use of multiple marker information. 4 ± 6 Recently, this heuristic reasoning has prompted several studies which have explored the use of haplotypes, as opposed to individual markers, in LD based association studies. For example, Service et al 5 proposed a likelihood ratio ancestral haplotype reconstruction (AHR), for initial genome-wide screens. Based on simulation studies they conclude that multi-locus haplotype LD tests may offer greater power in mapping studies than single locus tests. Zollner and von Haeseler 7 used a coalescent approach to study linkage disequilibrium between SNPs and found that haplotypes constructed from two SNPs were much more efficient in detecting associations. However, they did not explore haplotypes comprised of more than two loci. Contrastingly, Long and Langley 8 conclude that marker-based permutation tests are at least as or more powerful than simple haplotypebased tests. It is important to note that all of the preceding theoretical studies involved a simulation approach for assessing power. While simulations are an important and necessary part of theoretical work, derivation of explicit analytical formulas often allows a more holistic and detailed understanding of how parameters affect the power of the process under study. Moreover, contradictory results have arisen from empirical data as some studies suggest that haplotype based LD methods improve the power over single marker tests, 9, 10 while other studies do not. 11, 12 Thus, the available literature does not provide a clear answer to the practical utility of multilocus haplotypes in association studies.
In this study, we derive the analytical tools necessary to investigate and compare the power between multilocus haplotypes and single marker LD tests. We formulate our power analysis based on standard chi-square statistics which have been routinely applied to single marker LD tests and are the natural extension to haplotype data. In particular, explicit analytical formulas are derived to calculate expected haplotype frequencies (for haplotypes comprised of any number of markers) and the noncentrality parameter of the test statistics distribution under the alternative hypothesis. We find that haplotypes can significantly improve the power of an association test if analysed appropriately. Furthermore, we explore how the power of haplotype tests are affected by population genetic parameters such as the number of loci generating a haplotype, the genetic distance between marker and disease locus, age of disease mutation, mode of disease inheritance, frequency of associated marker and disease allele, and the level of initial linkage disequilibrium. Finally, published data from the hereditary hemochromatosis disease region is used to illustrate our findings that haplotypes lead to increased power and robustness in association tests.
Methods

Test statistic
We consider a case-control study design for comparing the power between haplotype and single marker LD methods. Furthermore, we formulate our comparisons based on standard chi-square statistics because they are conceptually straightforward and have been widely applied to single marker LD tests (see 13, 14 13 The test statistic using marker allele data will be denoted by w 2 M .
Power calculation
The power to detect a disease gene, defined as the probability that the disease susceptibility locus will be detected if it is present, is an important index for evaluating the performance of a gene mapping method. To calculate the power, b, we begin by calculating the noncentrality parameter and expected haplotype frequencies.
We assume that: (1) mating is random in the population; (2) generations are non-overlapping; (3) all alleles at the disease locus are selectively neutral; (4) there are no phenocopies; and (5) the population is isolated. Furthermore, we assume that a recent disease mutation was introduced into the population either by spontaneous mutation or by immigration of individuals carrying the disease mutation t generations ago. The time t is usually referred to as the age of the trait causing mutation.
We consider two alleles at the disease locus: disease allele D with frequency P D and normal allele d with frequency P d . We assume that k markers are located in the region around the disease locus. Let I j be the number of alleles at the j-th marker (j=1,2, . . . ,k) and y i,j be the recombination fraction between the marker M i and the marker M j . EfP i1di2 tg P i1i2 À EfP i1Di2 tgY 1
is the coefficient of initial linkage disequilibrium at the two loci DM 2 and
The above formulae have clear biological meaning. For instance at generation t = 0, the haplotype frequency P i1Di2 0 consists of four components. The first component involves the coefficient of linkage disequilibrium at three loci: M 1 , D, and M 2 . The second component is the product of the population frequency of marker allele M i 1 and the coefficient of linkage disequilibrium between the disease locus D and marker locus M 2 . The third component is the product of the frequency of marker allele M i 2 and the coefficient of linkage disequilibrium between the marker locus M 1 and the disease locus D. The fourth component is the equilibrium value of the haplotype frequency P i 1 Di 2 (t).
To calculate the noncentrality parameter l we must obtain the expected haplotype frequencies in affected and unaffected individuals. Let f 11 , f 12 and f 22 be the penetrance of genotypes DD, Dd and dd, respectively, with f 11 5f 12 5f 22 50. These penetrances can then be used to describe the following disease models: recessive (f 11 = x and f 12 = f 22 = 0), additive (f 11 = x, f 12 x 2 , and f 22 = 0), and dominant (f 11 = f 12 = x and f 22 = 0), where (05x41). The probability of an individual being affected is given by
, and b 2
. Suppose the markers M i , M j and M k are in the order M i -disease-M j -M k . Let H ij and H ijk denote the haplotypes A i B j and A i B j C k , respectively. We can show that (Appendix B)
The above formulae show that each of the haplotype frequencies in affected and unaffected individuals will be a weighted average of P iDj and P idj or P iDjk and P idjk , with the weights determined by the mode of inheritance of the disease. For a recessive disease assuming x = 1, a 1 depends on a number of parameters such as initial LD, the age of the trait causing mutation, recombination fraction between the marker and disease locus, the mode of disease inheritance, and marker and disease allele frequencies. We now compare the power of the haplotype based statistic, w 2 HT , to that of the single marker statistic, w 2 M . The markers are assumed to be biallelic (ie, SNPs) and evenly spaced in relation to the disease locus. Specifically, we consider disease carrying haplotypes comprised of two and four marker loci, and to emphasise the number of markers in the haplotype we will refer to them as two and four marker locus haplotypes. To avoid confusion note that two and four marker locus haplotypes are equivalent to three and five locus haplotypes, respectively, when the disease gene is present. For example, the two marker locus haplotype consists of two equally spaced markers with the disease locus located in the middle of marker 1 and 2 (M 1 DM 2 ). Similarly, the four marker locus haplotypes consists of four equally spaced genetic markers with the disease locus in the middle of marker 2 and 3 (M 1 M 2 DM 3 M 4 ). In the following figures, M denotes the single marker LD test, H 2 the two marker locus LD test, and H 4 the four marker locus LD test. Figures 1 and 2 show the power of M, H 2 , and H 4 with a significance level a = 0.001 as a function of the recombination fraction between markers. For H 2 and H 4 the recombination fraction is between the two markers adjacent to the disease locus. In the case of M, the recombination fraction is between the closest marker and the disease locus. The remaining parameters can be found in the figure legends. Figures 1 and 2 clearly demonstrate that the power of H 4 is much higher than the power of H 2 , which in turn is higher than that of M.
Next we compare the performance of w Figure 3 . Because such a model is more complex than the recessive and dominant disease models, the power of the w 
Genome wide screens
We now compare the power between w 2 M and w 2 HT when they are used as tools in genome-wide scans by calculating the sample sizes required to achieve 80% power with a significance level of a = 0.001. Table 1 presents the required sample sizes for dominant and recessive diseases. For such simple disease models, when the age of the disease mutation does not exceed 20 generations the samples sizes for both the Figure 2 Power of the test statistics w It is interesting to note that the reduction of sample sizes by H 2 for a dominant disease gene is larger than that for a recessive disease. Table 2 shows that the sample sizes required for M, H 2 , and H 4 under the genotype relative risk models. The markers are assumed to be equally spaced with a genetic distance between adjacent markers of 1 cM, and the frequencies of the two alleles at each marker are assumed to be equal. We can see from Table 2 
Population genetic parameters
We now systematically study the effect of various population genetic parameters on the power of w 2 HT to more fully understand what populations are most appropriate for LD approaches and to provide guidance in study designs. Figure  4 shows the power of the w 2 HT with four marker locus haplotypes for a recessive disease under four different ages of trait-causing mutations. We can see from Figure 4 that the power of w 2 HT decreases as the age of the mutation increases. As the generations increase, much of the allele sharing identical by decent (IBD) with the original founder chromosome decays through recombination. Hence, linkage disequilibrium also decreases between surrounding markers and the disease locus itself. Figure 5 displays how the frequency of the associated marker allele impacts the power of the w 2 HT with four marker-locus haplotypes. For the convenience of presentation, we assume that the alleles at the four marker loci M 1 , M 2 , M 3 and M 4 have the same frequency distributions. Figure 5 shows that the power of w 2 HT decreases as the frequency of the associated marker allele increases. Smaller associated marker allele frequencies lead to stronger initial linkage disequilibrium and hence higher power. Initial linkage disequilibrium is largely determined by the initial Table 2 Number of cases required to achieve 80% power with a significance level a=0.001 for a complex disease Figure 4 The effect of the age of the mutation on power of the test statistic w 2 HT . The parameters are set as follows: N = 100, P D = 0.1, complete initial linkage disequilibrium, dominant disease, and equal marker allele frequencies. Figure 5 The effect of the frequency of the associated marker allele on the power of the test statistic w frequency of the associated marker allele and haplotype frequency in the disease mutation-carrying chromosomes.
For clarity of presentation, we now consider the two marker locus haplotype LD test. Figure 6 shows how the initial haplotype frequencies in the disease mutationcarrying chromosomes affects the power of the haplotype LD test. The initial haplotype frequency in other chromosomes are assumed to be equal. The larger the initial haplotype frequency in disease mutation-carrying chromosomes, the larger the initial linkage disequilibrium between markers and disease loci. We can see from Figure 6 that the power of w 2 HT increases as the initial associated haplotype frequency increases. Tables 3 and  4 present the LD test statistic results for individual marker data and haplotypes. We observe several remarkable features. First, although markers D6S1260 and D6S424 are closer to the HFE gene than the other markers, the smallest P value occurs at marker D6S105, which is 1.8 cM away from the HFE gene. Second, while the P values of the single-marker LD test at the markers D6S1260 and D6S424 are 0.017 and 0.002, respectively, the P value of the two-locus haplotype LD test for these markers is 0.000027; thus the haplotype LD test offers considerable improvement over the single-marker LD test. Third, the values of the single-marker LD test statistic at different markers oscillates erratically, whereas the values of the haplotype LD test statistic follow a simpler pattern and change more smoothly, as shown in Figure 7 . To interrogate the performance of the grouping procedure for the haplotype Figure 6 The effect of the initial associated marker allele frequency and haplotype frequency in the disease mutationcarrying chromosomes. We assume equal marker allele frequencies. Remaining parameters are as that in Figure 5 .
Haplotype LD test J Akey et al 296 LD test we consider the 8-locus haplotype (D6S265-D6S1260) LD test and use two statistics. One statistic uses the grouping procedure described above and the other statistic analyses all possible observed haplotypes. The P value of the haplotype LD test using the grouping procedure is 0.0025, whereas the P value of the haplotype LD test using all observed haplotypes is 0.3597.
Discussion
Most LD mapping methods use a single marker to assess LD between a marker and disease locus. However, several markers within small regions may be in strong LD with both each other and the disease locus. Single marker based LD methods may not capture all of the available LD information, which is contained in multi-locus haplotypes. In this study, simple chi-square statistics, which have been the foundation for single marker LD tests, were extended to the analysis of haplotypes. Furthermore, using explicit analytical formula, we show that haplotypes result in increased power for detecting associations. More specifically, the power of single marker, two marker locus, and four marker locus haplotypes were investigated. In general, two and four marker locus haplotypes offer higher power than the corresponding single marker test. For instance, when the genetic distance between adjacent markers is 1 cM and the disease locus is in the middle of the markers, sample sizes required by the two and four marker locus haplotype LD test are roughly one-half and one-quarter, respectively, of the sample size required for the corresponding single marker LD test.
Moreover, another advantage of haplotypes is increased robustness compared to single marker LD tests. Evolutionary forces such as random drift, mutation at the marker locus, and varying degrees of initial LD tend to increase the variability of the observed magnitude of LD between any single marker and disease gene leading to complex patterns of association, even with tightly linked markers. However, simultaneous analysis of multiple markers in the form of haplotypes results in comparatively simpler patterns of LD. The potential smoothing effect that w 2 HT has on P values is demonstrated in Figure 7 . Furthermore, it is not necessary to analyse every observed haplotype, which could actually decrease the power to observe an association (see the HH example). Therefore, it is important to develop methods for identifying and prioritising the most informative haplotypes. Several approaches have already been proposed 5, 6, 18, 19 and it is likely that this will be an important area of future research. We chose to explore the power of haplotypes in a casecontrol study design rather than a TDT approach for several reasons. First, case-control studies are more economically efficient because they do not require parents or sibs to be genotyped. Second, several studies suggest that case-control studies are at least as powerful as the TDT and often more efficient. 20 Third, the primary criticism of case-control studies is the possibility of spurious associations due to population substructure. However, recent reports demonstrate simple and efficient approaches to assessing whether a significant association is due to`true' LD or if it is likely attributable to substructure. 21 Finally, the use of extended marker haplotypes for the TDT has been explored. 22 Like single marker LD tests, the age of the disease mutation has a large impact on the power of a haplotype LD test. Isolated populations where the age of disease mutation is less than 20 generations are most suitable for LD methods. Populations with past gene flow or population stratification will have an increased probability of false positives. Although the population genetic model that we assumed in our power analysis is simplistic, populations with young disease mutations and little gene flow do exist and include French Canadians, 23 Ashkenazi Jews, 24 Costa Ricans, 10 and the Amish. 25 It is important to note that haplotype data is not readily available for genome-wide LD screens. Thus, it is very important to establish the advantages of haplotypes before embarking on the arduous task of reconstructing them from genotype data or laborious experimental methods. The aim of this study was to provide a detailed proof of the principle demonstrating that haplotypes should be considered as an important resource in mapping genes underlying complex diseases. New analytical and experimental approaches have been and continue to be developed, making haplotype reconstruction in the absence of family data a surmountable problem. 26 ± 28 In conclusion, LD is a complex phenomenon that is subject to the demographic history of a population, which itself is a stochastic process of evolution and cannot be observed. Population genetic models involving a number of parameters have attempted to describe the dynamics of demographic history. However, the complicated nature of these models has made the interpretation of LD results very difficult. Although the haplotype LD test that we describe has higher power and Figure 7 A comparison of the P-values (reported as -ln P value) between single marker LD tests and various sized haplotype LD tests for data surrounding the HFE gene. The P values are from Tables 3 and 4. is more robust than the corresponding single-marker LD tests, caution still needs to be taken in study design and data interpretation. Future studies will focus on expanding the general theory presented here to multilocus disease models and more complicated population genetic models.
Appendix A
The haplotype M i 1 , . . . , M i k may contain the disease locus. If the haplotype contains the disease locus, the disease locus will be explicitly expressed in the haplotype, for example,
Recall that y j,j+1 is the recombination fraction between the marker M i j and the marker M i j+1 . Let P i 1 , . . . ,i k (t) be the frequency of the haplotype M i 1 , . . ., M i k in generation t. By the same argument as that in Zheng and Elston, 15 we obtain the following recursive formula for the frequency of the haplotype:
If we assume that there is no mutation at the marker locus, the frequency of the haplotype that contains no disease locus is, in general, assumed constant. It follows from the above recursive formula that:
Thus, the above equation leads to:
Solving this equation recursively, we can obtain the expected haplotype frequency. For the ease of exposition, we first consider three locus haplotypes and then extend the results to the general k-locus haplotype.
For the three locus haplotype M i DM j , let P iDj (t ) be the frequency of the haplotype M i DM j . Let y i,D and y D,j be the recombination fraction between the marker M i and disease locus, and marker M j and disease locus, respectively. P j is the frequency of the marker allele M j . P i and P D are defined as described above. It follows from (2) . By the same argument as above, PH ijk jA can be derived.
